This study investigated the effects of salinity increase on bacterial community structure in a membrane bioreactor (MBR) for wastewater treatment. The influent salt loading was increased gradually to simulate salinity build-up in the bioreactor during the operation of a high retention -membrane bioreactor (HR-MBR). Bacterial community diversity and structure were analysed using 454 pyrosequencing of 16S rRNA genes of MBR mixed liquor samples. Results show that salinity increase reduced biological performance but did not affect microbial diversity in the bioreactor. Unweighted UniFrac and taxonomic analyses were conducted to relate the reduced biological performance to the change of bacterial community structure. In response to the elevated salinity condition, the succession of halophobic bacteria by halotolerant/halophilic microbes occurred and thereby the biological performance of MBR was recovered. These results suggest that salinity build-up during HR-MBR operation could be managed by allowing for the proliferation of halotolerant/halophilic bacteria.
Introduction
Water scarcity, exacerbated by climate change, population growth, and industrialization, has accelerated the use of alternative water sources, including reclaimed water (Shannon et al., 2008) . Wastewater reclamation also effectively addresses environmental pollution. Thus, many dedicated attempts have been made to develop robust and highly efficient technologies, such as membrane bioreactor (MBR), for wastewater treatment and reuse (Melin et al., 2006) . MBR integrates activated sludge treatment with membrane separation processes, such as microfiltration (MF) or ultrafiltration (UF). Compared with conventional activated sludge treatment, MBR has several advantages, including higher effluent quality, lower sludge production, and smaller physical footprint . (Choi et al., 2002; . In these systems, the forward osmosis, membrane distillation, and nanofiltration membranes are utilized to extract treated water from the bioreactor mixed liquor. By employing these high retention membrane processes, the HR-MBR systems can potentially produce high quality reusable water, particularly for regions facing severe freshwater scarcity and with stringent environmental regulations.
A major challenge to the development of HR-MBR is to manage salinity build-up in the bioreactor. High retention membranes can effectively reject inorganic salts, resulting in their accumulation or build-up in the bioreactor during HR-MBR operation (Lay et al., 2010) . A high saline state can also occur in the case of a conventional MBR due to seawater intrusion or during the treatment of highly saline wastewaters from seafood processing or the dairy industry (Reid et al., 2006) . It is well established that an elevated salinity condition can adversely affect MBR performance. Reid et al. (2006) observed that an increase in bioreactor salinity to 5 g/L sodium chloride (NaCl) increased the concentrations of soluble microbial products and extracellular polymeric substances in the mixed liquor and thus severely reduced the membrane permeability. Yogalakshmi and Joseph (2010) reported a reduction in biological performance as the bioreactor salinity increased. Jang et al. (2013) and Hong et al. (2013) subsequently attributed the reduced biological performance to the change of bacterial community structure in the highly saline environment of the bioreactor. Evidence of bacterial changes in response to the elevated salinity has also been reported by Qiu and Ting (2013) who investigated microbial community dynamics during OMBR operation. In these studies, denaturing gradient gel electrophoresis (DGGE) was applied to elucidate microbial response to the increase in bioreactor salinity. It is noteworthy that DGGE is a fingerprinting method and can only provide information of abundant microbial species (Boon et al., 2002).
Moreover, crowding of DGGE bands due to identical positions of some bacteria in the gel may underestimate microbial diversity (Nübel et al., 1999; Choi et al., 2007) .
In this study, high-throughput 454 pyrosequencing was used to systematically investigate impacts of salinity increase on the bacterial community structure of a conventional MBR equipped with an MF membrane. Basic performance of the MBR with salinity increase was also evaluated in terms of contaminant removal. The increase in bioreactor salinity simulated here was relevant to the range often encountered in HR-MBR operation. Thus, the results allow for a better understanding and potentially the ability to manage salinity build-up in the bioreactor during HR-MBR operation.
Materials and methods

Experimental system and operational protocol
Two identical lab-scale MBR systems were used in this study. Detailed description of the MBR systems is available elsewhere (Luo et al., 2015) . Briefly, each MBR system comprised a feed reservoir, an aerobic bioreactor and a submerged hollow fibre MF membrane module Once acclimatized in terms of bulk organic removal (i.e. over 97% total organic carbon (TOC) removal), the influent salinity of an MBR system (denoted "saline-MBR") was increased by enhancing the NaCl loading from 0 to 16.5 g/L with a gradient of 0.5 g/L•day ( Supplementary Information, Fig. S1 ). The range of salinity build-up simulated here was similar to that would occur during normal OMBR operation (Supplementary Information, Appendix A). To allow microbial adaptation to the highly saline condition, the influent NaCl loading was maintained at 10 and 16.5 g/L for 14 and 25 days, respectively. Therefore, the saline-MBR was continuously operated for 70 days (excluding the acclimatization period).
Another MBR system (denoted "control-MBR") was operated concurrently under identical conditions, but without any increase in the influent salinity.
Mixed liquor samples were collected from the two MBR systems for microbial analysis on days 0, 33, 43, and 70 of the experiment, corresponding to 0, 10, 15 and 16.5 g/L NaCl loading in the saline-MBR.
Microbial community analysis
DNA extraction and 454 sequencing
Genomic DNA was extracted from all mixed liquor samples using the (5'-GWATTACCGCGGCKGCTG-3').
Sequence analysis
Raw pyrosequencing data were analysed using the Quantitative Insights into Microbial Ecology software (QIIME 1.9.1) (Caporaso et al., 2010a). By using the "split_libararies.py" script, we removed defective sequences that contained ambiguous bases, had errors in the barcode or primer, a length outside the range 200 to 1000 nt, homopolymers greater than 6 nt,
or an average quality score less than 25. The remaining sequences were denoised using the "denoise_wrapper.py" script and then clustered into operational taxonomic units (OTUs) using the GreenGenes 16S rDNA database with uclust based on the similarity of 97% (Edgar, 2010 Both -and -diversity metrics were determined using a default setting in QIIME based on the even sequencing depth of 13000 (i.e. the lowest sequences of each sample) to avoid the heterogeneity related to different sequencing depths. Specifically, -diversity metrics included Chao1, Shannon index, and phylogenetic diversity, and -diversity were indicated by the UniFrac distance metrics. Principal coordinate analysis (PCoA) and unweighted pair group method with arithmetic mean were used to present the UniFrac distance metrics for comparing bacterial community structures in all mixed liquor samples. Good's coverage was calculated to evaluate the completeness of sampling and the possibility that an amplicon sequence selected randomly has already been sequenced. All sequencing data in this study are available at the Sequence Read Archive with accession number SRP063682 in the National Centre for Biotechnology Information.
Water quality measurement
TOC was measured by a TOC analyser (TOC-V CSH , Shimadzu, Kyoto, Japan). Ammonium (NH 4 + -N) was analysed using a Flow Injection Analysis system (QuikChem8500, Lachat, CO). Solution pH and conductivity were measured using an Orion 4-Star Plus pH/conductivity meter (Thermo Scientific, Waltham, MA).
Results and discussion
Removal of organic matter and ammonia
Salinity increase within the bioreactor impacted the biological performance of MBR. As shown in Fig. 1 , the removal of TOC and NH MBR and MF-MBR using the DGGE technology. Good's coverage values were higher than 98% for all mixed liquor samples in this study, indicating that the sequence library represented most species in those samples.
[FIGURE 2]
Despite the similar diversity between the control-and saline-MBRs, hierarchical clustering based on the unweighted UniFrac metric shows significant differences in bacterial community structure in these two systems (Fig. 3) . Mixed liquor samples collected from the saline-MBR after salt (NaCl) loading formed clusters distinct from those without salinity increase (i.e. samples obtained from the control-MBR and the saline-MBR before the addition of NaCl). This observation indicates that the elevated salinity led to the development of different bacterial communities in the bioreactor. Furthermore, different clusters were also observed for samples obtained over time from both MBRs, probably due to natural variation of bacteria.
[FIGURE 3]
Clustering obtained from the UniFrac analysis was further examined by PCoA (Fig. 4) .
Along the PC1 vector, similar bacterial communities were observed for non-saline samples (collected from the control-MBR and the saline-MBR before NaCl addition). By contrast, salinity increase modified bacterial communities in the bioreactor. Despite the close PCoA plots for all saline samples (obtained from the saline-MBR at influent NaCl loading of 10 -16.5 g/L), they were clearly distinguishable from those of non-saline samples in the PC1 vector (Fig. 4) . Additionally, natural variation of microbial communities also occurred during MBR operation, as indicated by different PCoA plots of mixed liquor samples taken over time from both control-and saline-MBRs along the PC2 vector.
[FIGURE 4]
Bacterial community structure
Taxonomic analysis revealed the variation of bacterial community structure in response to salinity increase in the bioreactor (Figs. 5 and 6). Compared to the control-MBR, salinity increase in the saline-MBR reduced the abundance of several bacterial phyla, including
Planctomycetes, Verrucomicrobia, Bacteroidetes, Armatimonadetes and Gemmatimonadetes (Fig. 5) . A reduction in the abundance of these bacterial phyla along a salinity gradient was also observed in a Chinese wetland (Zhang et al., 2013 ) and the Baltic Sea (Herlemann et al., 2011) . Further analysis at the order level showed the growth of some bacterial orders, such as
Phycisphaerales in Planctomycetes and SJA-22 in Armatimonadetes, in the control-MBR. By contrast, they were absent in the saline-MBR with an increase in salinity (Fig. 6) . The osmotic pressure of highly saline environment of the bioreactor could result in the dehydration and plasmolysis of microbial cells, and eventually causing the extinction of halophobic bacteria (Lay et al., 2010) . As a result, the biological treatment of MBR was adversely affected by the elevated salinity at the beginning of the experiment (Fig. 1) .
[FIGURE 5] [FIGURE 6]
Elevated salinity, on the other hand, facilitated the dominance of some bacterial groups (Figs. 5 and 6). Proteobacteria was the most abundant phylum in both control-and salineMBRs, and its abundance enhanced with salinity increase (Fig. 5) . The enhanced abundance of the phylum Proteobacteria in the saline-MBR was mainly contributed by the class -and -proteobacteria ( Supplementary Information, Fig. S2 ). The predominance ofproteobacteria could be further attributed to the order Rhizobiales, followed by 
Conclusion
Results reported here show that the bacterial community in MBR is highly diverse and resilient. Bacterial community diversity and structure analyses using 454 pyrosequencing of 16S rRNA genes of the MBR mixed liquor revealed the succession of halophobic microbes by halotolerant and/or halophilic bacteria with salinity increase. Thus, the elevated salinity did not affect the microbial diversity of the bioreactor. The results suggest that salinity buildup in the bioreactor during HR-MBR operation could be potentially managed by allowing for the proliferation of halotolerant and/or halophilic bacteria.
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